Recently, it was found that the performance of proton-exchange membrane (PEM) fuel cells was improved by the deposition of small magnet particles in the cathode-side catalyst layer. We developed a numerical simulation to clarify this effect, for a PEM fuel cell equipped with an interdigitated gas distributor. A two-dimensional, two-phase model was used. Cathode electrode consisted of gas diffusion layer and catalyst layer, and the latter was treated as a line. Darcy's law was used to describe the transport of the gas phase. The forces from the shear of the gas flow and of the capillary action move the liquid water through the porous cathode electrode. The magnetic field was modeled by using an equivalent magnetic field. Our numerical results show that the repulsive Kelvin forces acting on liquid water can control the liquid water flow through a porous gas diffusion layer. With increasing residual flux density of magnet particles, the velocity of liquid water near the interface of the catalyst/diffusion layers increases, the saturation of liquid water near the interface decreases, and increasing more pore space is freed for O 2 transport and reactions. Therefore, the mechanism of the improvement of the cell performance by magnet particles is clarified using such a numerical model. The use of permanent magnets will be especially useful for portable fuel cell in which there is no power to supply air.
Introduction
Proton-exchange membrane (PEM) fuel cells are considered to be one of the most promising energy-conversion devices of the 21st century. 1) However, the performance of PEM fuel cells must be further improved to be cost competitive with current energy-conversion devices.
2) A typical PEM with a hydrogen fuel and air as oxidant is illustrated in Fig. 1(a) . At the anode, a fuel (H 2 ) is oxidized, whereas, at the cathode, an oxidant (O 2 in air, O 2 ,) is reduced via Pt catalyst (1/2 O 2 ϩ2H ϩ ϩ2e→H 2 O). In this spontaneous process, electrons that are generated at one electrode and then consumed at the other circulate in an external circuit that can drive, for example, an electric motor. The cathode is a principal performance-controlling component in PEM fuel cells.
The cathode performance strongly depends on the oxygen transport rate, which strongly depends on the presence of liquid water. Excessive liquid water in the cathode is therefore a primary reason for poor PEM fuel cell performance.
Several methods are available to minimize the quantity of liquid water in the cathode, and include modifications to reactor design, electrode design, and operating conditions. [3] [4] [5] [6] A common method for minimizing liquid water in the cathode is to maintain a higher pressure near the cathode than the anode.
3) This pressure difference partially counteracts the electro-osmotic flow of water through the membrane, which proceeds with the protons from the anode moving to the cathode side of the membrane. Another method for minimizing liquid water in the cathode is to use hydrophobic electrodes. 3, 4) The gas-diffusion layers are often waterproofed with polyfluoroethylene (PTFE), which increases the resistance to liquid water flow and ensures that the pores in the carbon cloth (or carbon paper) do not become clogged with water. Another method for minimizing liquid water in the cathode is to use an interdigitated flow-field design. 5, 6) The cell improvement by this method was attributed to the dead-end flow channels converting the transport of the reactants and products in the porous electrode from diffusion to a forced-convection mechanism. For other liquid-water mitigation methods, the electrode porosity can be changed to accommodate changes occurring along the flow field length, and operating conditions can be manipulated by allowing the temperature to increase near the outlet to evaporate the water produced and/or by lowering the temperature in a dry region to condense the water.
Recently, the effects of permanent magnets on cathode reactions of PEM fuel cells have been studied, and a method for improving the fuel-cell performance has been demonstrated. [7] [8] [9] In this method, 8) two sets of cathode-side catalyst layers [left side hatched layer in Fig. 1(a) ] with the same loading of Nd-Fe-B magnet particles were prepared, and one set was magnetized by applying a pulsed strong magnetic field and the other was not magnetized. The cell performance with the magnetized catalyst layers was superior to the non-magnetized catalyst layers. Figures 9 and 10 of Ref. 8) show the magnetic improvement in cell performance. This method is based on the use of the Kelvin (or magnetization) force acting on the fluid. 10) When a fluid is placed in a static magnetic field, H, and the fluid is electrically insulating, the force per unit volume can be expressed as
where MϭcH, Bϭm 0 H, m 0 is the magnetic permeability of vacuum, c is the volume magnetic susceptibility, p is the gas pressure, and B is the magnetic flux density.
The term c 0 M· ٌH in Eq. (1) is the Kelvin force, and can be represented as
The Kelvin force arises from the interaction between the magnetic field and magnetic moments. This force tends to move diamagnetic fluids such as liquid water toward regions of lower magnetic fields and paramagnetic fluids such as oxygen gas toward higher magnetic fields. When the concentration of the fluid is not uniform, the imposed magnetic field gradient induces a spatially non-uniform Kelvin body force, which affects the fluid movement.
In fuel cells, a large concentration gradient of liquid water exists in the vicinity of the interface of the catalyst/diffusion layers at the cathode side. If a steep magnet-field gradient is applied to this region, the non-uniform Kelvin force pushes out some liquid water from this region and leaves more pore space for reactant oxygen gas. In this study, we developed a numerical model to simulate the effect of permanent magnet particles on liquid-water motion in cathodes, and provided more detail results in addition to recent short communication.
9)

Numerical Model: Governing Equations
The computational domain consists of a porous cathode gas diffusion layer in contact with an interdigitated gas distributor, which has an inlet channel, a shoulder, and an outlet channel to allow gas to flow through the electrode [see Fig. 1(b) ]. The widths of the inlet, shoulder, and outlet were 0.05, 0.1, and 0.05 cm, respectively. The height of the porous gas diffusion layer was 0.025 cm. In typical operation, humidified air is drawn into the inlet channel as the oxygen-gas source. Water is generated as a product of the oxygen-reduction reaction at the membrane-electrode interface, i.e., the catalyst layer. Depending on the local partial pressure of water and its saturation vapor pressure at the fuel-cell operating temperature, water can either evaporate or condense. If the water generation rate exceeds the removal rate of water vapor, liquid water collects in the cathode electrode. The presence of liquid water contributes to electrode flooding by blocking active sites on the catalysts and reducing the gas volume in the porous electrode. In the simulation, the gas diffusion layer was treated as a homogeneous porous medium with uniform morphological properties, such as porosity, tortuosity, and permeability. The gas and liquid phases within the electrode exist as continuous phases so that Darcy's law applies. The gas mixtures are assumed to be perfect gases. The catalyst layer [the upper black part in Fig. 1(b) ] was treated as an ultrathin layer; thus the transfer of the reactants within this layer was neglected.
Mass Transfer between Gas and Liquid Phases
The interfacial mass transfer rate of water by either condensation or vaporization (in kg/s), r w , can be expressed as: 2) where k v and k c are the rate constants for vaporization (in (s · atm)
Ϫ1
) and condensation (in s Ϫ1 ), respectively, x w is the mass fraction of water in the gas phase, p w is the water partial pressure, p is the total gas pressure, p sat is the saturation pressure of water at the operating temperature, M w is the molecular weight of water, e 0 is the dry porosity of the electrode, s is the saturation of liquid water, defined as the fraction of the void volume occupied by liquid, e g is the gas porosity defined as e g ϭe 0 (1Ϫs), and r w is the density of liquid water. The first term on the right-hand side of Eq. (2) represents the evaporation rate, whereas the second term represents the condensation rate. In Eq. (2), q is a switching (4) where u g is the superficial gas velocity and r is the gas density.
Because the Kelvin force is a body force, similar to the gravitational force, u g can be expressed as:
............ (5) where k g is the gas permeability and k g ϭk 0 (1Ϫs), u g is the gas viscosity, c om is the mass magnetic susceptibility of oxygen gas (m 3 /kg), and x o is the mass fraction of oxygen gas. The last term of Eq. (5) is the Kelvin attractive force acting on the oxygen gas. The magnetic force acting on nitrogen gas and on water vapor is negligible, because the absolute value of their magnetic susceptibilities is much smaller than that of oxygen gas. 12) Using the mass conservation equation and assuming that B changes only in the y direction (see Sec. 2.5), we can derive the following equations for the gas velocity and pressure ......... (7) where u g and v g are the velocities in x-and y-directions, respectively.
The governing equations of oxygen gas and water vapor mass transfer are ........... (8) ...... (9) 
Liquid-phase Model
The mass conservation for liquid water can be expressed as ..... (11) where u lw is the superficial velocity and c lwm is the mass magnetic susceptibility of liquid water. From Ref. 11 we have ..... (12) The interfacial drag coefficient, f, can be expressed as 2, 11) fϭ(k where A, C, and E are constants. From Eqs. (11) to (14) , u lw can be expressed as ...... (15) From Eqs. (10) and (15) 
Boundary Conditions
At the inlet, the boundary conditions for p and for each gas species are ..... (17) where i indicates the species.
D dp where the subscripts 1 and 2 represent the inlet boundary value and the first internal value, respectively, and d y is the distance between these two points.
At the interface in contact with the shoulder of the gas distributor, the boundary conditions are 25) where I 0 is the exchange current density, k is the transfer coefficient for the oxygen reduction reaction, and η is the electrode overpotential.
The effect of the liquid water on the surface availability of the reaction site is accounted for by the term e g /e 0 in the Tafel equation. Generally, the magnetic field affects the movement of charged carriers, i.e., the proton flux toward the cathode. In our model, I 0 reflects the effect of the magnetic field on the proton flux. However, we ignored this magnetic effect because the apparent direction of the magnetic field was parallel to the direction of the proton movement 8) and thus the Lorentz force becomes zero.
Magnetic-field Model
In the experimental study, 8) magnet particles were deposited in the cathode-side catalyst layer, which is indicated by the upper black part in Fig. 1(b) . Therefore, in the gas diffusion layer, B decreases rapidly with increasing the distance from the interface of catalyst/diffusion layers, and a steep magnetic field gradient is generated in the y-direction near the interface [see Fig. 1(b) ]. To simulate a magnetic field equivalent to the actual magnetic field in these experiments, we first calculated the distribution of magnetic field along the central axis perpendicular to the pole surface of a cubic magnet, 15) and modified it by multiplying by the volume fraction of magnet particles deposited in the catalyst layer, 0.28:
.... (26) where B r is the residual flux density of a permanent magnet, 2a is the size of magnet particles (i.e., 5 mm), c is the thickness of the film covering the magnet (0.1 mm), and yЈϭ0.025 cmϪy.
Numerical Model: Methods and Validation
The governing differential equations were discretized by using a finite-difference method. The primary independent variables were p, x o , x w , and s. After discretization, a system of algebraic equations was solved by using a general-purpose computational fluid dynamics (CFD) code. The grid was refined until a grid-independent solution was obtained. The final grid was 81ϫ61. The coupled set of equations was solved simultaneously, and the solution was considered to be converged when mass conservation was satisfied to within 1 % of a mass scale with 10 Ϫ5 kg/s. The parameters used in the simulations were taken from references. 2, 11) Unless indicated otherwise, the parameters used in the simulations are those listed in Table 1 .
To validate our numerical model, we compared our simulation results with a set of experimental data by He et al.
11)
The experimental parameters were used in our comparative simulations, and were a membrane thickness of 125 mm, catalyst layer thickness of 70 mm, membrane conductivity of 7 S/m, catalyst layer conductivity of 53 S/m. The same treatment of anode overpotential loss as reported by He et al. 11) was used. To simulate the actual airflow rate, an inlet pressure of 1.0133 atm was used, and the relative humidity 
Results and Discussion
Effects of Magnet Particles at the Catalyst/Diffusion Interface
Water is generated at the catalyst layer by an oxygen-reduction reaction. Liquid water blocks active sites on the catalyst and reduces the gas volume in the porous electrode. Figure 3 shows the simulated distribution of saturation of liquid water, s and mass fraction of oxygen gas, x o along the interface of the catalyst/diffusion layers for hϭ0.55 V. When the magnet particles deposited in the cathodeside catalyst layer are not magnetized (i.e., B r ϭ0 T), Iϭ4 585 A/m 2 and Vϭ0.355 V. When the magnet particles are magnetized (i.e., B r Ͼ0 T), x o and s decrease more rapidly with increasing B r . The decrease of s improves fuel-cell performance. Though the decrease of x o seems to degrade fuel-cell performance, the amount of reactant oxygen gas at the catalyst/diffusion interface contributes to the fuel-cell performance.
The contribution of the oxygen gas to the fuel-cell reaction can be expressed by the combined parameter x o e 0 (1Ϫs) contained in the Tafel equation [Eq. (25)]. Figure 4 shows the simulated distributions of x o e 0 (1Ϫs) and current density, I along the interface of the catalyst/diffusion layer. Both parameters show maxima near xϭ0.06 cm, and increase with increasing B r . This indicates that the magnetic field improves the fuel-cell performance by decreasing s, increasing the pore space, and increasing the mass of oxygen gas that contacts the catalyst sites. Figure 5 shows the simulated velocity components of liquid water along the x-direction, u lw , and y-directions, v lw , at the interface of the catalyst/diffusion layers. The magnetic field does not change the velocity distribution in most of the interface. The magnitude of the velocities are small, the x-direction velocity is less than 11 mm/s, and the y-direction velocity is less than 1 mm/s. Contrary to expectation, the field decreases the velocities in both the x and y directions. The velocity in the x direction decreases in the central area, whereas the velocity in the y direction decreases near the outlet.
The distribution of gas velocity at the interface of the catalyst/diffusion layers was not calculated because the vertical component of the gas velocity at the interface was set to 0 from Eq. (6) and the first equation in Eq. (23). No other more suitable boundary condition was available for the system modeled in this paper.
Effect of Magnet Particles along Vertical Centerline of the Cathode Electrode
The velocity of liquid water partly depends on the capillary force caused by the gradient of s. Therefore, we evaluated the behavior of s along the direction normal to the interface of the catalyst/diffusion layers. Figure 6 shows the simulated distribution of s and the y-direction velocity of liquid water, v lw , along the vertical centerline of the gas diffusion layer (i.e., xϭ0.1 cm). When the magnet particles are not magnetized (i.e., B r ϭ0 T), s decreases with decreasing y. This is reasonable because water is generated at the catalyst layer. However, when the particles are magnetized, s at the interface of the catalyst/diffusion layers decreases with increasing B r . For B r ϭ0 and 1.5 T, sϭ0.81 and 0.76, respectively. This means that the Kelvin repulsive force does move water from the interface. The effective region of the Kelvin repulsive force is sufficiently small that liquid water accumulates in the region about 10 mm from the interface. As B r increases, the negative gradient of s at the interface of the catalyst/diffusion layers increases and the capillary force almost completely counteracts the acceleration caused by the Kelvin force. Therefore, v lw at the interface is only weakly affected by the magnetic field (see Fig. 5 ). However, near the interface, v lw increases with increasing B r , and reaches a maximum about 10 mm from the interface of the catalyst/diffusion layers. For B r ϭ1.5 T, the maximum velocity is v lw ϭ4.2 mm/s, whereas for B r ϭ0 v lw ϭ0.2 mm/s. Therefore, the magnetic field increases the velocity by a factor of about 20. The reason for this increase is that near the interface, repulsive Kelvin force accelerates the liquid water. As the liquid water moves away from the catalyst layer, the Kelvin force becomes sufficiently weak that the resistance force finally changes the direction of acceleration. Therefore, more water is carried out from the region near the catalyst layer by the Kelvin force. This leads to an increased active area available for reaction and an increased area and volume for oxygen gas transport. Thus, Fig. 6 shows the simulated main mechanism of water transport by magnet particles deposited in the catalyst layer. Figure 7 shows the contour plots of x o in the cathode electrode (gas diffusion layer) for the base-case conditions when B r ϭ0 T and 1.5 T, and indicates that although the magnetic fields does not significantly affect the distribution x o , x o decreases slightly with increasing B r . This is primarily because with increasing B r , I increases and more oxygen gas is consumed in the fuel-cell reaction. Furthermore, x o at the inlet decreases slightly due to back diffusion of oxygen gas. Note that the base case (hϭ0.55 V) corresponds to relatively large cathode overpotential, and thus the fuel cell operates in the overpotential-limited region, and under these conditions the backing layer is already flooded to some extent. Under the base-case conditions, the main improvement in cell performance comes from the decrease of s near the catalyst layer due to the Kelvin repulsive force. Figure 8 shows the simulated contour plots of liquid water saturation in the cathode electrode, s, for B r ϭ0 T and 1.5 T, and indicates that s is low near the shoulder of the current collector (xϭ0.0005 m) because the shear force caused by the gas flow carries nearly all of the liquid water out of this region. The fraction of the pore space clogged by liquid water is very large, even at the gas inlet region, preventing the transport of oxygen gas to the reaction sites. Furthermore, Fig. 8 indicates that with increasing B r , s de- creases near the catalyst layer, especially near the outlet region. Figure 9 shows the simulated gas velocity field in the cathode electrode. Because the magnetic field has little effect on the gas flow pattern, only the gas velocity field for B r ϭ0 is shown. Because the velocity near the shoulder is larger than in the other regions, the shear force acting on the liquid water is larger in this region. As shown in Fig. 8 , most liquid water is removed from this region. Figure 10 shows the simulated liquid water velocity field in the cathode electrode for B r ϭ0 T and 1.5 T. Due to the relatively large gas velocity, the liquid water flow is primar- ily in the gas flow direction, especially at the outlet region. Without the Kelvin force (B r ϭ0 T), the main driving force comes from the capillary force in the upstream region near the interface, and the liquid water moves away from the interface. In the middle of this interface, the shear force created by the gas flow transports the liquid water downstream and pushes the water out of the backing layer. However, when the magnet particles are magnetized (B r ϭ1.5 T), the velocity field of liquid water changes significantly. In the region near the interface, the y-direction velocity component increases with increasing B r , and more liquid water is carried out from this region. Because more pore space is provided for oxygen gas to contact the catalyst layer, this improves the cell performance. When B r ϭ1.5 T the velocity of liquid water at the outlet also increases slightly.
Effect of Magnets on Field Characteristics in the Electrode
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Effect of Magnet Particles on Polarization Char-
acteristics To calculate the cell voltage, we assumed that the electric resistance of the catalyst layer increased by 40 % after the magnet particles were deposited in this layer. The cell voltage can be calculated as: Figure 11 shows a comparison of the calculated V vs. I for B r ϭ0, 0.5, 1, and 1.5 T, and it indicates that with the addition of the Kelvin force, the cell performance is improved for IϾ2 000 A/m 2 , especially in the current-limited region. For Vϭ0.4 V, compared to the case without magnetized magnet particles, with magnetized magnet particles and for B r ϭ0.5, 1.0, and 1.5 T, I increases about 0.8, 3, and 6.5 %, respectively. For Vϭ0.6 V, the increase in I is about 0.8, 3.3, and 7% for ϭ0.5, 1.0, and 1.5 T, respectively. Our simulation results show similar trends as observed experimentally, 8) even though the simulated backing diffusion layer was different from that in the experimental system. The power density is also an important parameter for PEM fuel cells. The magnet particles significantly affect the power density for IϾ2 500 A/m 2 , and the maximum power density occurs near Iϭ4 500 A/m 2 . Compared to the case without magnetized magnet particles (B r ϭ0 T), with magnetized magnet particles and for B r ϭ0.5, 1.0, and 1.5 T, the maximum power density increases about 0.3, 2.3, and 5.4 %, respectively.
In this study we clarified that permanent magnets can be used to manage liquid water in porous electrodes and push liquid water out of the electrode, thereby improving the overall fuel-cell performance. This method will be especially useful for portable fuel cell in which there is no power to supply air.
Conclusions
The effects of magnet particles deposited in the cathode catalyst layer on the performance of a PEM fuel system were studied by numerical simulations. The key conclusions are as follows:
(1) Magnet particles deposited in the cathode side catalyst layer assist with liquid-water management in the fuelcell system.
(2) Kelvin repulsive force caused by the magnet particles decreases the overall level of liquid water saturation in the cathode gas diffusion layer. Near the interface of the catalyst/diffusion layers, the saturation of liquid water, s, decreases with increasing residual flux density of the magnet particles, B r . The y-direction velocity of the liquid water near the interface increases with increasing B r .
(3) Magnet particles improve the fuel cell performance by increasing the pore space near the interface of the catalyst/diffusion layers for O 2 to transport and to contact the catalyst layer.
(4) The cell performance is improved specially in the current limited region with increasing B r . This tendency agrees with experimental results. 
